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Dive behaviour, foraging locations, and maternal-
attendance patterns of Australian fur seals
(Arctocephalus pusillus doriferus)
John P.Y. Arnould and Mark A. Hindell
Abstract: The dive behaviour, foraging locations, and colony-attendance patterns of female Australian fur seals
(Arctocephalus pusillus doriferus) from Kanowna Island (39°10 ¢ S, 146°18 ¢ E) in Bass Strait, southeastern Australia, were
determined throughout lactation during 1997–1999. Foraging-trip durations increased as lactation progressed, being
shortest in summer (3.71 ± 0.24 days; mean ± 1 SE) and longest in winter (6.77 ± 0.57 days, P < 0.05), but maternal-
attendance periods did not differ in duration (1.70 ± 0.10 days, P > 0.5). Individual mean attendance periods and trip
durations were positively correlated (r2 = 0.21, P < 0.005). Diving commenced shortly after seals left the colony (2.6 ±
0.4 h), was continuous for long periods (up to 36 h), occurred mostly during daylight hours, and lacked regular diel
variation in depth. The majority of dives (78%) were typically U-shaped and reached depths corresponding to the pre-
vailing depths in Bass Strait (65–85 m), indicating that these animals forage mostly on the benthos of the shallow con-
tinental shelf in this region. Such behaviour is unusual for fur seals but is reminiscent of that of some sea lion species.
Mean dive durations varied between 2.0 and 3.7 min (maximum 8.9 min) and the theoretical aerobic dive limit (3.91–
4.26 min) was exceeded on 17.3% of dives. Dive frequency (8.3 ± 0.6/h) and the proportion of time at sea spent div-
ing (40.7 ± 2.1%) were weakly negatively related to the duration of the foraging trip (r2 = 0.07, P < 0.004, and r2 =
0.13, P < 0.0001, respectively). Data from at-sea locations showed that lactating females forage almost exclusively
within Bass Strait during all seasons.
Résumé : Nous avons étudié le comportement de plongée, les zones d’alimentation et la présence dans la colonie chez
des femelles de l’Otarie d’Australie (Arctocephalus pusillus doriferus) dans l’île de Kanowna (39°10 ¢ S, 146°18 ¢ E),
dans le détroit de Bass, dans le sud-est de l’Australie, pendant toute la période d’allaitement, de 1997 à 1999. La durée
des excursions de quête de nourriture augmente pendant toute la période d’alllaitement et c’est en été qu’elle est le
plus courte (3,71 ± 0,24 jours; moyenne ± 1 erreur type) et en hiver qu’elle est le plus longue (6,77 ± 0,57 jours,
P < 0,05), mais la durée de la présence maternelle ne varie pas selon la saison (1,70 ± 0,10 jour, P > 0,5). La durée
de la présence individuelle et la durée des excursions sont en corrélation positive (r2 = 0,21, P < 0.005). Les otaries
commencent à plonger peu après leur départ de la colonie (2,6 ± 0,4 h), plongent pendant de longues périodes conti-
nues (jusqu’à 36 h), surtout durant les heures de clarté et la profondeur de leurs plongées ne suit pas de pattern parti-
culier selon l’heure. La majorité des plongées (78 %) sont des plongées en U jusqu’aux profondeurs correspondant aux
profondeurs les plus communes du détroit de Bass (65–85 m), ce qui indique que les otaries cherchent leur nourriture
surtout dans le benthos de la plate-forme continentale de cette région. Un tel comportement est inusité chez une otarie,
mais rappelle celui de certains lions de mer. La durée moyenne des plongées va de 2,0 à 3,7 min (maximum 8,9 min)
et la limite théorique d’une plongée aérobie (3,91–4,26 min) s’est trouvée dépassée dans 17,3 % des plongées. La
fréquence des plongées (8,3 ± 0,6/h) et la proportion du temps en mer consacré aux plongées (40,7 ± 2,1 %) sont en
corrélation négative faible avec la durée des excursions (respectivement r2 = 0,07, P < 0,004 et r2 = 0,13, P < 0,0001).
Les données sur les sites en mer démontrent que les femelles qui allaitent se nourrissent presque exclusivement dans le
détroit de Bass, en toute saison.
[Traduit par la Rédaction] Arnould and Hindell 48
Introduction
Throughout most of the lactation period, otariid (fur seals
and sea lions) pups are completely dependent on their mother
for nutrition (Bonner 1984). For periods ranging from 4 to
more than 24 months (depending on species), lactating fe-
males alternate between foraging trips to sea and regular
nursing periods ashore at the natal colony (Gentry and
Kooyman 1986). As all the nutrients required for milk pro-
duction are acquired by the females during these trips, their
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foraging behaviour and how they apportion time spent at sea
and nursing ashore directly influence their maternal-investment
patterns (Trillmich 1996).
Since the development in the mid-1970s of electronic time–
depth recorders (TDRs) for measuring diving activity and
radiotelemetry methods for monitoring the movements of
animals to and from the colony, there have been many stud-
ies in which at-sea behaviour and foraging effort of lactating
otariids were investigated (e.g., Gentry and Kooyman 1986;
Feldkamp et al. 1989; Boyd and Croxall 1992; Francis et al.
1998; Mattlin et al. 1998; Thompson et al. 1998). These
studies have revealed two broadly divergent patterns for fur
seals and sea lions. Lactating sea lions generally undertake
short trips (1–2 days) during which they exhibit a continuous
diving pattern with no diel variation, foraging mostly on the
benthos (e.g., Kooyman and Trillmich 1986b; Gales and Costa
1997; Gales and Mattlin 1997; Thompson et al. 1998). In
contrast, lactating fur seals generally undertake longer trips
(3–23 d) during which diving is mostly nocturnal and occurs in
bouts to the deep scattering layer, with pronounced diel varia-
tion in depth that reflects the vertical migration of their prey
(e.g., Boyd et al. 1991; Harcourt et al. 1995; Georges et al.
2000a). The exception is the northern fur seal (Callorhinus
ursinus), in which both foraging strategies have been ob-
served (Gentry et al. 1986b; Goebel et al. 1991).
Detailed data are still lacking for numerous species, how-
ever, making it impossible to determine whether these trends
are due to phylogenetic or environmental influences. Indeed,
recent studies have shown marked geographical differences
in foraging-trip durations and diving behaviour within both
Antarctic fur seals (Arctocephalus gazella) (Boyd et al. 1994;
Goldsworthy et al. 1997; Green 1997) and subantarctic fur
seals (Arctocephalus tropicalis) (Goldsworthy et al. 1997;
Georges et al. 2000b) from widely dispersed colonies in the
Southern and Indian oceans, suggesting that local marine
ecosystem characteristics play an important role in determin-
ing a species’ foraging behaviour (Gentry et al. 1986a and
Francis et al. 1998).
The Australian fur seal (Arctocephalus pusillus doriferus)
is the largest of the fur seal species, with adult females and
males weighing, on average, 76 and 279 kg, respectively
(Warneke and Shaughnessy 1985). It is a temperate-latitude
otariid with a lactation period lasting 10–11 months, but
some females may nurse a pup for a second or even third
year (Warneke 1982). The population is still recovering from
the severe exploitation of the commercial sealing era (1798–
1825), with annual pup production currently estimated at
approximately 14 000, well below the estimated presealing
level of up to 50 000 (Warneke 1982; Pemberton and Kirk-
wood 1994). The breeding distribution of the species is re-
stricted to Bass Strait, a shallow body of water (average
depth <85 m) between the southeastern tip of the Australian
mainland and Tasmania, which is recognised as being of low
oceanic productivity (Murray and Parslow 1999). Natal colo-
nies are currently located on just nine islands, but there is
historical evidence that several other islands in Bass Strait
also once hosted breeding colonies (Warneke 1982; Pember-
ton and Kirkwood 1994).
With its limited distribution, small population size, and
slow rate of recovery, the Australian fur seal is in sharp con-
trast to the Cape fur seal (Arctocephalus pusillus pusillus),
which has a population size of 1.7 million, has experienced
rapid population growth since conservation measures were
introduced in 1893, and occupies a wide distribution along
the coastline of Namibia and South Africa (Butterworth et
al. 1995). The disparities between the subspecies may be
due to the substantial difference in marine productivity be-
tween the Benguela Current, which runs along the southwest
coast of Africa, and the nutrient-poor waters of Bass Strait
(Warneke and Shaughnessy 1985). However, relatively little
is known about the Australian fur seal, particularly its forag-
ing behaviour (Hindell and Pemberton 1997; Hindell et al.
1998), so it is not possible to ascertain the influence of its
nutrient-poor marine habitat on maternal-investment patterns
or population demography.
The aims of this study, therefore, were to determine, in
lactating females, (i) foraging-trip durations and maternal-
attendance patterns; (ii) dive behaviour; (iii) foraging loca-
tions; and (iv) how these vary according to season and stage
of lactation.
Materials and methods
Study site, animals, and capture
The study was conducted between December 1997 and July
1999 on Kanowna Island (39°10 ¢ S, 146°18 ¢ E), the site of an Aus-
tralian fur seal breeding colony with an annual production of ap-
proximately 1600 pups (Arnould and Littnan 2000). The island is
situated in central northern Bass Strait, where the distance to the
nearest continental shelf edge (200 m depth contour) is 150 and
280 km to the east and west, respectively (Fig. 1).
Fieldwork was conducted in 2- to 3-week periods every 2–
3 months during which randomly selected nursing females were
captured using a modified hoop net (Fuhrman Diversified, Sea-
brook, Tex., U.S.A.). Upon capture, each animal was given an in-
tramuscular injection (ca. 0.15 mg·kg–1) of the sedative Midazolam
(Hypnovel®, Roche Products Pty Ltd., Dee Why, NSW, Australia)
to facilitate handling and reduce capture stress. Once the sedative
had taken effect, the seal was transferred to a restraint board (Gen-
try and Holt 1982). A subset of animals was weighed using a
spring scale (200 ± 0.5 kg; Salter, Peterborough, U.K.), and mea-
sured (straight-line length) to the nearest centimetre with a tape
measure. Individual numbered plastic tags (Super Tags®, Dalton,
Woolgoolga, Australia) were placed in the trailing edge of both
foreflippers and the seal was instrumented with electronic record-
ing devices (see below) before it was released. The device was re-
moved by cutting the fur beneath it upon recapture of the animal.
All capture and handling of seals were conducted in accordance
with the principles and guidelines of the Canadian Council on
Animal Care.
Instrumentation, data collection, and statistical analyses
To monitor the attendance of individuals at the colony, a small
VHF transmitter (Sirtrack Ltd., Havelock North, New Zealand)
was glued to the dorsal fur using quick-setting epoxy (RS Compo-
nents, Corby, U.K.). The presence or absence of individuals was
recorded by an automatic scanning receiver and data logger (RX-
900E; Televilt Int. AB, Lindesberg, Sweden) located on a slope
above the colony. The receiver was programmed to continually
scan each frequency for 30 s every 10–12 min (depending on the
number of frequencies monitored). As Australian fur seals often
enter the water to thermoregulate without leaving the vicinity of
the colony, only absences of greater than 6 h were considered to be
foraging trips. For logistic reasons, the deployment of transmitters
© 2001 NRC Canada
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was staggered into periods corresponding to late breeding season,
postmoult, and midlactation.
A subset of individuals was also instrumented with geolocating
TDRs (MK7, Wildlife Computers, Redmond, Wash., U.S.A.) pro-
grammed to sample depth (±1.0 m) and light every 5 and 60 s,
respectively. The VHF transmitter and TDR together constituted
<0.5% of the cross-sectional surface area and body mass of the ani-
mals. Custom-written software (Dive©, Stewart Greenhill, Murdoch
University, Wash., U.S.A.) was used to analyse dive behaviour,
with all dives >2 m in depth considered potential foraging dives.
While it is possible that many shallow dives (i.e., <10 m) are asso-
ciated with travelling or nonforaging behaviour in an animal of this
size, Australian fur seals are often sighted in shallow areas far
from natal colonies and their diet is known to include inshore-
dwelling fish species (Gales and Pemberton 1994). Consequently,
as no detailed information exists on the dive behaviour of female
Australian fur seals, it was considered prudent to set such a shal-
low dive threshold. The software program classified the shape of
dives according to the proportion of time spent at depth and the
variation in depth during that time. Dives in which >5% of the total
duration was spent at the maximum depth and no divergences from
this depth were made during that time were classified as U-shaped.
Based on preliminary inspection of the dive traces, all other dives
were classified as V-shaped.
At-sea locations were determined by geolocation (Hill 1994).
MultiTrace software (Jensen Software) was used to determine the
times of sunrise and sunset, based on light levels logged every 60 s
by the TDRs. Latitude and longitude were then calculated, using
the same software, from local apparent midday and day length.
Two locations were calculated daily, one based on the duration and
timing of daytime and one for nighttime. Locations were derived
for each day that seals were at sea, with the exception of 2–
3 weeks either side of the equinoxes, when the software could not
discern latitude.
All at-sea locations were initially filtered using the iterative
technique of McConnell et al. (1992) to remove any fixes that were
unrealistic in terms of the required rate of travel with maximum
speed set at 4 m·s–1.
Even under the best possible circumstances, geolocation algorithms
have a resolution of approximately 1° of latitude and longitude
(Hill 1994). Given this, a conservative approach to quantifying at-sea
locations was adopted. We calculated the number of times that
seals were located in 1° cells and presented these data as density
contours using MapInfo® (Version 5.5) and Vertical Mapper® (Ver-
sion 2) (MapInfo Corporation, New York, N.Y., U.S.A.). The po-
tential errors in rates of travel between consecutive locations due to
the poor resolution rendered calculations of time spent in each cell
problematic, so the more simple index of hit per cell was used. The
© 2001 NRC Canada
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Fig. 1. Australian fur seal (Arctocephalus pusillus doriferus) breeding colonies (r) in Bass Strait, southeastern Australia. The study
was conducted at Kanowna Island.
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resulting pictures provide a broad-scale indication of regions of
Bass Strait and the surrounding ocean that were most visited by the seals.
Seasonal trends were analysed with the start of summer defined
as 1 December, which is also the peak pupping date for the species
(Warneke and Shaughnessy 1985; Pemberton and Kirkwood 1994).
Statistical analyses were performed using the Systat® statistical soft-
ware (Version 7.0.1, SPSS Inc., Chicago). The Kolmogorov–Smirnov
test was used to determine whether the data were normally distrib-
uted and an F test to confirm homogeneity of variances. Unless
otherwise stated, data are presented as the mean ± 1 SE and results
considered significant at the P < 0.05 level.
Results
Foraging-trip durations and maternal-attendance
patterns
Foraging-trip durations and maternal-attendance records
were obtained from a total of 36 lactating female seals for
periods ranging from 37 to 286 days. A total of 664 foraging
trips, 687 maternal-attendance periods, and 599 complete
foraging cycles (foraging trip plus subsequent onshore atten-
dance) were recorded, spanning all seasons and stages of the
lactation period. The fewest data were obtained in spring,
when, during a period corresponding to the expected wean-
ing phase (Shaughnessy and Warneke 1987), the majority
(80%) of the 15 females instrumented with a VHF transmit-
ter at the time departed the colony for exceptionally long
trips (see below). These absences were analysed separately,
as it was assumed they did not represent episodes of forag-
ing for the purpose of maternal provisioning of the current
pup.
There was no significant trend in the distribution of arrival
times at the colony (F[1,11] = 1.64, P > 0.8). Departures from
the colony, however, were not evenly distributed in time
(F[1,11] = 3.89, P < 0.0001), being more frequent in the early
morning hours preceding sunrise and just before midday
(Newman–Keuls test, P < 0.03; Fig. 2).
Foraging-trip durations varied greatly (range 0.31–
21.79 days), the means for individual seals ranging from
2.02 to 10.41 days. Maternal-attendance periods also varied
considerably in duration (range 0.10–8.44 days), the means
for individual seals ranging from 0.71 to 3.02 days. There
was a weak but significant positive relationship (r2 = 0.21,
n = 36, P < 0.005) between an individual’s mean foraging-
trip duration and its mean attendance period. The variability in
this relationship may result, in part, from the influence of sea-
son on foraging and attendance patterns (Fig. 3). Repeated-
measures ANOVA for seals whose records spanned all seasons
(n = 6) showed no significant difference in individual mean
attendance periods between the seasons (F[3,15] = 0.749, P >
0.5). The mean foraging-trip duration for individual seals,
however, increased significantly between seasons (F[3,15] =
6.679, P < 0.005). These results were supported by simple
ANOVAs on three random subsamples of all individuals (in
all cases P > 0.1 for attendance and P < 0.05 for foraging
trips). Using the data for all individuals, a Newman–Keuls
test indicated that trip durations were significantly shorter
in summer (3.71 ± 0.24 days) than in autumn (6.03 ±
0.71 days), winter (6.77 ± 0.57 days), or spring (6.59 ±
0.75 days). Trips in autumn, winter, and spring did not differ
significantly in duration. The attendance period for individ-
ual seals, in all seasons combined, was 1.70 ± 0.10 days.
The durations of complete foraging cycles for individual
seals also varied significantly between seasons (simple
ANOVA of random subsamples and repeated-measures
ANOVA, P < 0.04 in all cases) being shortest in summer
(5.41 ± 0.44 days) and longest in winter (8.67 ± 0.68 days).
However, as foraging-cycle duration varied with season but
attendance periods did not, the proportion of time spent at
sea was significantly less (P < 0.001 in all cases) in summer
(63.9 ± 2.0%) than at other times of the year (range 74.4–
76.2%).
In early to midspring (mean date 10 October ± 5.1 days),
12 seals departed the colony on foraging trips that were con-
siderably longer than their previous ones. The duration of
these trips (34.9 ± 4.7 days; range 11.6–74.6 days) indicates
a shift in maternal provisioning behaviour and, if it is as-
sumed that this represents weaning, pup age at weaning for
these individuals can be estimated at 313 ± 5.1 days. Inter-
estingly, data from three of these individuals that were also
instrumented with TDRs indicate that although they were
not recorded at the colony during this postlactation phase,
they regularly hauled out elsewhere. All 12 females returned
to the colony during the breeding period on the mean date of
28 November ± 1.7 days. Data on their subsequent
attendance periods (8.4 ± 1.0 days; range 4.6–11.1 days)
© 2001 NRC Canada
38 Can. J. Zool. Vol. 79, 2001
00:00 04:00 08:00 12:00 16:00 20:00 24:00
0
4
8
12
16 (a)
Local time
M
ea
n
fre
qu
en
cy
(%
)
00:00 04:00 08:00 12:00 16:00 20:00 24:00
0
4
8
12
16 (b)
Local time
M
ea
n
fr
eq
u
en
cy
(%
)
Fig. 2. Mean frequency distributions (36 individuals) of times of
arrival (a) and departure (b) (Australian Eastern Standard Time)
of lactating female Australian fur seals from the natal colony.
Daylight hours are indicated by the horizontal bars.
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Fig. 3. Frequency distributions of mean maternal attendance periods (a) and foraging-trip durations (b) for individual seals during dif-
ferent seasons (26 seals in summer, 20 in autumn, 19 in winter, and 17 in spring).
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were obtained from six individuals that thereafter resumed
regular foraging trips.
The remaining three seals whose transmitters were work-
ing during early spring continued to follow the same atten-
dance patterns throughout the remainder of spring and early
summer until the transmitters failed. They displayed no in-
crease in attendance during the breeding season (i.e., there
was no evidence of a perinatal period).
Dive behaviour and foraging effort
Dive records were obtained from 13 individual females,
for a total of 121 complete foraging trips covering all sea-
sons and stages of lactation and comprising 113 636 dives
(Table 1). An example of a typical foraging-trip dive record
is shown in Fig. 4a. All foraging trips were characterised by
individuals commencing diving soon after departing the col-
ony (2.6 ± 0.4 h; range 0.8–6.0 h) and including long peri-
ods of continuous diving (up to 36 h). While there were
periods of up to several hours with no diving activity, there
was a lack of regular dive bouts. The majority of dives
(78%) were typically U-shaped, with distinct descent, bot-
tom, and ascent phases, and showed little variation in depth
between sequential dives (Fig. 4b). The remainder of the re-
corded dives were generally V-shaped in profile (i.e., had no
bottom phase). Females continued to make foraging dives
until shortly before hauling out (3.4 ± 0.3 h; range 0.8–
12.0 h).
In 88 (73%) of the foraging trips, females made a series
of dives (1–5) just prior to leaving the water after having
been at the surface since foraging ceased. The profile of
these dives (see Fig. 4b) suggests that they were to the
benthos. In 70% of the foraging trips in which females made
dives just prior to leaving the water, they hauled out at the
colony during daylight. In contrast, only 38% of foraging
trips without such dives occurred during daylight.
A summary of dive statistics for individual females is pre-
sented in Table 2. Mean dive depths (all foraging trips com-
bined) ranged from 27 to 75 m (median 19–80 m), though
>50% of the dives recorded were to depths of 65–85 m
(Fig. 5). Maximum dive depths for all seals were between 76
and 94 m, except that one individual (seal 9) dived to 164 m.
This female regularly dived to >100 m on numerous trips
during three seasons (spring, summer, and autumn). There
were no apparent diel patterns in dive depth (ANOVA, P >
0.07 in all seasons; Fig. 6). There were also no diel patterns
in the frequency of diving in summer, autumn, or spring
(ANOVA, P > 0.08 in all cases). In winter, however, diving
was significantly more frequent during daylight hours (F[1,11] =
8.26, P < 0.0001, Newman–Keuls test, P < 0.02; Fig. 6).
Mean dive durations were between 2.0 and 3.7 min (me-
dian 2.0–4.1 min), the longest dive recorded lasting 8.9 min.
An estimated theoretical aerobic dive limit (ADL) was cal-
culated for animals whose body mass was measured at first
capture using the equation ADL (min) = 1.57·mass (kg)0.22
(Gentry et al. 1986b). The theoretical ADL, which ranged
from 3.91 to 4.26 min, was exceeded, on average, in 17.3%
(range 2.2–49.7%) of dives. The overall interdive interval
was 4.1 ± 0.08 min (range 0.08–1216 min). However, 95 and
99% of surface intervals were shorter than 10 and 60 min, re-
spectively. When surface intervals more than 10 and 60 min
in duration were excluded from the analyses, the interdive
interval was 1.4 ± 0.01 and 2.0 ± 0.01, respectively.
Dive frequency (number of dives per hour), dive rate (in
metres per hour), and the proportion of time at sea spent div-
ing have been shown to be good indicators of foraging effort
in other otariid species (Boyd et al. 1991, 1994; Arnould et
al. 1996), and were investigated in the present study (Ta-
ble 2). The number of dives per hour for each individual was
8.3 ± 0.6 (range 5.5–14.5), while the rate of vertical diving
was 996.6 ± 40.8 m·h–1 (range 676–1210 m × h–1). There was
a weak but significant negative relationship between the du-
ration of a foraging trip and the number of dives per hour
(r2 = 0.07, n = 121, P < 0.004) but not the rate at which ver-
tical distance was covered (P > 0.5). Similarly, the propor-
© 2001 NRC Canada
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Seal
No.
Date TDR
deployed
Length of
record (days)
Body mass at
deployment (kg)
Length
(cm)
No. of
foraging trips
Mean trip
length (days)
Total no.
of dives
Mean no. of
dives per trip
1 1998-02-12 4 70.5 148 1 1.3 168 168
2 1998-02-12 126 69.5 146 17 5.2 18 767 1 043
3 1998-02-14 9 73.5 147 2 2.7 1 128 564
4 1998-04-10 100 63.0 123 10 7.8 14 537 1 454
5 1998-07-16 7 92.0 157 1 3.7 624 624
6 1998-07-16 12 92.5 153 1 6.6 1 237 1 237
7 1998-07-16 9 78.5 154 4 1.6 1 494 374
8 1998-07-30 125 93.0 93 17 4.9 17 634 980
9 1998-10-23 129 — — 15 6.0 18 535 1 236
10 1998-10-23 42 — — 5 5.6 5 047 1 009
11 1999-03-13 77 — — 14 3.4 6 539 467
12 1999-03-13 76 — — 10 5.1 11 137 1 114
13 1999-05-28 65 67.0 140 22 2.1 16 789 763
Mean 60.1 77.7 140.1 9.2 4.3 8 741.2 848.7
SE 13.7 4.0 6.8 2.0 0.6 2 124.8 107.2
Table 1. Summary of TDR deployments for the 13 lactating female Australian fur seals (Arctocephalus pusillus doriferus) used in this
study.
J:\cjz\cjz79\cjz-01\Z00-178.vp
Monday, December 18, 2000 1:45:34 PM
Color profile: Disabled
Composite  Default screen
tion of time spent diving, 40.7 ± 2.1% (range 30–54%), was
also weakly negatively correlated with foraging-trip duration
(r2 = 0.13, n = 121, P < 0.0001).
To investigate the influence of season on dive behaviour,
the means for all foraging trips from the same individual
were averaged within each season (4 individuals in summer,
6 in autumn, 7 in winter, and 3 in spring). Mean and median
dive depths, mean dive duration, mean dive frequency, mean
dive rate, and mean percentage of time spent diving did not
differ significantly between seasons (ANOVA P > 0.1 in all
cases).
At-sea locations and foraging range
A total of 327 at-sea locations were available from 12 in-
dividuals after filtering, representing 169 days spent at sea.
The number of locations for each of the four seasons ranged
from 50 to 134, and came from between three and seven in-
dividuals. The seals generally stayed within 500 km of the
© 2001 NRC Canada
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Fig. 4. (a) Dive profile from a typical foraging trip by a lactating female Australian fur seal. (b) Examples of the two most prominent
dive types identified (U-shaped benthic dives and V-shaped midwater pelagic dives) and the characteristic dives observed just prior to
hauling out at the end of the majority of foraging trips. Times are given as Australian Eastern Standard Time.
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colony, with more than 90% of at-sea locations being
obtained within the shallow waters of Bass Strait, where the
locations were concentrated in areas within 100 km of the
colony (Fig. 7).
The seals dispersed most widely from the island during
spring and summer (Fig. 7). This is likely to be a result of
the extended postlactation foraging trip. During these seasons,
although locations were still concentrated in Bass Strait,
some individuals spent time outside the strait on the west
coast of Tasmania and may have moved off the continental
shelf to forage in deep oceanic waters. Indeed, one of these
individuals was seal 9, which dived to >160 m.
Discussion
Foraging and attendance cycles
Female Australian fur seals arrived at the colony at all
times and departed to sea more often before sunrise or around
midday. This is in contrast to the pattern observed in most
other fur seal species, where females tend to return to the
colony mostly between sunrise and midday and start the ma-
jority of their foraging trips between late afternoon and late
evening (e.g., Trillmich 1986; Trillmich et al. 1986; Boyd et
al. 1990; Goldsworthy 1992).
© 2001 NRC Canada
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Fig. 5. Frequency distribution of all dives recorded (113 636) from
13 individual female Australian fur seals (a) and median dive
depths during all the complete foraging trips recorded (121) (b).
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The departure of some females on very long foraging trips
in early October is consistent with the observation that the
total number of Australian fur seals at colonies, particularly
adult females, decreases dramatically at this time (K. Cane
1999, personal observations)2 and supports the notion that
this corresponds to weaning. The estimated mean weaning
age of 313 days (10 months) is less than the 11–12 months
previously estimated for Australian fur seals by Warneke and
Shaughnessy (1985). However, Rand (1955) also observed
very long foraging trips in some Cape fur seals during
September–October, which precipitated weaning at approxi-
mately 10 months of age.
Prepartum attendance at the colony has been found to be
in the order of 1.5–2.0 days in several otariid species (David
and Rand 1986; Higgins and Gass 1993; Lunn and Boyd
1993). Therefore, the mean date of return from the extended
postlactation foraging trips made by the instrumented fe-
males in the present study, 28 November, is consistent with
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Fig. 6. Temporal distributions of mean dive frequencies and mean dive depths for female Australian fur seals during all seasons
(4 seals in summer, 6 in autumn, 7 in winter, and 3 in spring). Daylight hours are indicated by the horizontal bars and times are given
as Australian Eastern Standard Time.
2 K. Cane. 1999. Aspects of the behaviour of male Australian fur seals Arctocephalus pusillus doriferus during the breeding season. B.Sc.
(Hons.) thesis, University of Melbourne, Melbourne.
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the previously documented mean pupping date of 1 December
for Australian fur seals (Warneke and Shaughnessy 1985).
The subsequent attendance period (8.4 days) is similar to the
perinatal period reported for several fur seal species (Boyd
1991). Interestingly, the three instrumented females (20%)
that did not undertake extended foraging trips during spring
also showed no increase in attendance periods during the
breeding season and may have failed to pup that year. This
is consistent with the observed pregnancy rate of 79% in
Cape fur seals (Guinet et al. 1998).
The only previous data on maternal-attendance patterns
for subspecies of A. pusillus is during summer for Cape fur
seals and Australian fur seals in southern Bass Strait (David
and Rand 1986; Hindell et al. 1998). The mean summer
foraging-trip duration and attendance period of 3.7 and
1.7 days, respectively, observed in the present study are
within the ranges reported in these earlier studies, 1.3–4.0
and 1.2–2.8 days, respectively.
Foraging-trip durations differed significantly between
seasons, being shortest in summer and longest in winter. A
© 2001 NRC Canada
44 Can. J. Zool. Vol. 79, 2001
Fig. 7. Density plots of at-sea locations of female Australian fur seals, derived from geolocation, during summer (four seals, 48 loca-
tions) (a), autumn (five seals, 134 locations) (b), winter (seven seals, 97 locations) (c), and spring (three seals, 50 locations) (d). The
plots are based on the number of locations per 1° grid expressed as a percentage of the total number of locations obtained during that
season.
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similar trend has been observed in subantarctic fur seals at
Amsterdam Island (Georges and Guinet 2000), where in-
creases in foraging-trip duration between summer and winter
are associated with increases in foraging range and diving
effort, indicating a reduction in local food availability (Geor-
ges and Guinet 2000; Georges et al. 2000a, 2000b). In con-
trast, the data on at-sea locations and diving behaviour for
female Australian fur seals in the present study do not indi-
cate an increase in foraging range or effort associated with
the observed increase in trip durations throughout lactation.
The duration of the maternal-attendance period in female
Australian fur seals did not differ significantly with stage of
lactation or season. This is similar to the pattern observed in
numerous fur seal species (David and Rand 1986; Gentry
and Holt 1986; Goldsworthy 1992; Lunn 1993; Lea and
Hindell 1997; Georges and Guinet 2000). It has been sug-
gested that the lack of change in duration of attendance peri-
ods reflects the increasing sucking efficiency of the growing
pups, which enables the females to increase the rate of trans-
fer of the larger volumes of milk delivered as lactation pro-
gresses (Gentry et al. 1986a; Georges and Guinet 2000). As
with other species where trip duration increases but duration
of attendance periods remains constant, the proportion of
time spent at sea by lactating Australian fur seals increased
throughout lactation.
Despite the absence of significant variation in duration of
attendance periods throughout lactation, there was a positive
correlation between an individual’s mean foraging-trip dura-
tion and its mean attendance period. Similar observations
have been made in several other fur seal species (Boyd et al.
1991; Lea and Hindell 1997; Francis et al. 1998; Georges
and Guinet 2000). These relationships are consistent with
the finding of Arnould and Boyd (1995) that females making
longer trips deliver greater amounts of milk to their pup.
Dive behaviour and foraging effort
The most striking features of the dive behaviour of female
Australian fur seals in this study are the long periods of con-
tinual diving that commenced soon after the seals left the
colony and the lack of regular diel variation in dive depths.
In addition, diving occurred at all times (although it was
more common during daylight hours in winter). Further-
more, the majority of dives were U-shaped in profile. The
lack of variability in depth between sequential U-shaped
dives strongly suggests that they were benthic in nature. This
is supported by the observation that most dives were to 70–
85 m, which corresponds to the prevailing depths in Bass
Strait (Murray and Parslow 1999). While benthic dives were
the most common, almost a quarter of all dives were V-
shaped. This is consistent with the observations of Gales and
Pemberton (1994) that Australian fur seals feed on solitary
inshore species and pelagic schooling species known to in-
habit both pelagic and benthic regions.
The characteristic short, shallow benthic dives made just
prior to hauling out at the colony observed during many for-
aging trips made by Australian fur seals may indicate predator-
avoidance behaviour rather than reflect foraging activity.
Great white sharks (Carcharodon carcharias) are the main
predator of Australian fur seals (Warneke 1982) and are
known to use the silhouettes of seals at the surface as hunt-
ing cues (Riedman 1990). The depth of the water around
Kanowna Island increases sharply within a short distance
and it is possible that the Australian fur seals in this study
made their final approach to the colony hugging the seafloor
to avoid potential detection by sharks. A similar explanation
has been suggested for the behaviour observed in northern
elephant seals (Mirounga angustirostris) leaving colonies in
California (Le Boeuf et al. 1988).
The only previously available information on the dive be-
haviour of Australian fur seals comes from a single adult
male observed in winter along the east coast of Tasmania
(Hindell and Pemberton 1997) and six lactating females in
summer (Hindell et al. 1998) in southern Bass Strait. In both
studies there was no evidence of a diel pattern in diving ac-
tivity or dive depth. Whereas the mean depth of dives made
by the adult male was only 20 m, 85% of dives had the U-
shaped profile observed in the present study, which suggests
a benthic mode of foraging. Hindell et al. (1998) found that
nearly 50% of the dives made by lactating females in the
summer were to <10 m and suggested that such dives were
associated with travelling rather than foraging behaviour.
When these shallow dives are excluded, the majority of fe-
males in their study dived to between 44 and 69 m, which
corresponds to the prevailing bathymetry where the majority
of at-sea locations were obtained (Hindell et al. 1998) and
suggests that these females were also foraging mostly on the
benthos.
The predominantly benthic dive behaviour of female Aus-
tralian fur seals contrasts with that of most other fur seal
species, in which the majority of foraging dives made by fe-
males are pelagic, are performed at night in well-defined
bouts, and there is regular diel variation in dive depth
(Kooyman and Trillmich 1986a; Trillmich et al. 1986; Goebel
et al. 1991; Boyd and Croxall 1992; Harcourt et al. 1995;
Francis et al. 1998; Georges et al. 2000b). The diel variation
in dive depth observed in most fur seal species is thought to
reflect the diel vertical migration of the species upon which
they prey (Gentry et al. 1986a; Boyd et al. 1994). Only in
some individual northern fur seals (“deep divers”) has a div-
ing pattern with little diel variation in depth or frequency
been observed, and this is also assumed to reflect a benthic
foraging mode (Gentry et al. 1986b; Goebel et al. 1991).
The diving activity reported in this study, therefore, resem-
bles more the typical foraging behaviour of sea lions than
that of fur seals (e.g., Gales and Costa 1997; Gales and
Mattlin 1997; Merrick and Loughlin 1997; Thompson et al.
1998). A potential explanation for the differences in female
foraging behaviour between the Australian fur seal and other
fur seal species is the lower quality of their foraging habitat.
Indeed, California sea lions (Zalophus californianus) forag-
ing in the productive continental shelf-edge region near San
Miguel Island, California, also display dive behaviour typi-
cal of fur seals (Feldkamp et al. 1989). Alternatively, it is
possible that the shallow continental-shelf habitat of Bass
Strait supports an abundance of benthic prey easily accessi-
ble to Australian fur seals.
The mean dive duration for female Australian fur seals
(2.0–3.7 min) is greater than for most fur seal species (0.8–
2.2 min) (Gentry et al. 1986b; Boyd et al. 1991; Harcourt et
al. 1995; Francis et al. 1998; Georges et al. 2000b). While
the larger body size of Australian fur seals should allow
greater aerobic capacity and, therefore, potentially accounts
© 2001 NRC Canada
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for this difference (Gentry et al. 1986a), the theoretical ADL
was exceeded on an average of 17.3% of dives, a proportion
that is substantially greater than that reported for most other
fur seal species (<10%; Gentry et al. 1986b; Harcourt et al.
1995; Boyd and Croxall 1992). Only in New Zealand fur
seals (Arctocephalus forsteri) from Open Bay Islands has a
greater mean dive duration (4.2 min) been recorded in a fur
seal, and in these animals the theoretical ADL was exceeded
on 18.4% of dives (Mattlin et al. 1998).
The mean dive frequency recorded in the present study
(8.3/h) is within the range previously observed in fur seals
(1.5–18.1/h) (Gentry et al. 1986b; Kooyman and Trillmich
1986a; Boyd and Croxall 1992; Goldsworthy et al. 1997;
Georges et al. 2000b). However, the mean rate at which ver-
tical distance was covered by female Australian fur seals
during foraging trips (997 m·h–1) is the highest recorded for
any fur seal species (46–460 m·h–1), including the Cape fur
seal (243 m·h–1), but similar to that observed in the Califor-
nia sea lion (1014 m·h–1) and Steller sea lion (735 m·h–1)
(Gentry et al. 1986b; Kooyman and Trillmich 1986a; Feldkamp
et al. 1989; Boyd and Croxall 1992; Goldsworthy et al.
1997; Merrick and Loughlin 1997; Francis et al. 1998; Geor-
ges et al. 2000b). Similarly, the proportion of time spent div-
ing by females in the present study (41%) is substantially
greater than in other fur seal species (14–26%) but within
the range reported for sea lions (33–60%). These observa-
tions may reflect the different foraging modes (i.e., long pe-
riods of continual diving versus diving in bouts at night) and
differences in the time between departure from the colony
and commencement of foraging (0.5–3.4 vs. 15–48 h) be-
tween Australian fur seals (and sea lions) and other fur seal
species (Gentry et al. 1986b; Kooyman and Trillmich 1986a;
Feldkamp et al. 1989; Boyd and Croxall 1992; Goldsworthy
et al. 1997; Merrick and Loughlin 1997; Francis et al. 1998;
Georges et al. 2000a, 2000b). Weak but significant negative
relationships between foraging trip duration and measures of
foraging effort were found in the present study. Similar rela-
tionships have been observed in Antarctic fur seals, and it
has been suggested that females of this species making lon-
ger trips may spend more time and energy searching for
food patches but are better at exploiting the patches, or that
the patches are of higher quality, than females making short
trips (Boyd et al. 1991; Arnould et al. 1996).
Foraging locations
The relatively small number of seals in the study and the
poor spatial resolution of the geolocation techniques mean
that the data presented here can only be regarded as a pre-
liminary examination of foraging locations in this species.
Nonetheless, two important trends are apparent.
The first is that lactating females spend almost all of their
time in the relatively shallow waters of Bass Strait and con-
centrate their time in waters within 100 km of the colony.
The second generalisation that can be made is that some fe-
males do leave Bass Strait during a postlactation foraging
trip. In this study, only the western edge of Bass Strait and
the west coast of Tasmania were utilised at this time. This is
an area of considerable oceanic upwelling (Lewis 1981) and
may offer better foraging to the seals. Other marine preda-
tors, such as the Shy Albatross (Diomedea cauta), also pref-
erentially use this area (Brothers et al. 1998). If this is the
case, however, it begs the question of why more females do
not make use of this area, as it is certainly within the poten-
tial foraging range of females from Kanowna travelling at
3 m·s–1. Other fur seal species make much longer trips to
their foraging grounds (e.g., subantarctic fur seals), but in
these cases the waters that they traverse are relatively unpro-
ductive. The patterns of at-sea locations in our study suggest
that the benthic and pelagic regions of Bass Strait provide
sufficient resources to lactating females, although certain
characteristics of the environment require the seals to adopt
foraging patterns different from those of other fur seal species.
Conclusions
Female Australian fur seals from Kanowna Island in central
northern Bass Strait undertake foraging trips of increasing
duration as lactation progresses, being shortest in summer
and longest in winter. Whether this a response to increasing
pup demand and (or) reduced food availability during the
winter months is not possible to determine at this stage. The
duration of maternal foraging trips is similar to that ob-
served in other fur seal species. However, the foraging be-
haviour of female Australian fur seals, with its characteristic
long periods of continual diving and lack of diel variation in
dive depth, is unlike that observed in other fur seal species.
The majority of maximum depths recorded (<90 m) corre-
spond to the maximum depth in Bass Strait, suggesting that
these animals forage on the benthos of the shallow continen-
tal shelf in this region. This is supported by the profile of the
dives and the preliminary at-sea locations obtained by geo-
location, which indicate that these animals forage almost
exclusively within Bass Strait in all seasons. Whether this
unusual foraging behaviour, reminiscent of that of some sea
lion species, is representative of the species, or is restricted
to colonies in central Bass Strait is not known. Analysis of
the dive behaviour and foraging locations of female Austra-
lian fur seals from colonies close to the continental shelf
edge is needed to clarify this. In addition, at-sea energy ex-
penditure and foraging efficiency should be compared among
Australian fur seal colonies and with other species of fur
seals (in particular the closely related Cape fur seal) and sea
lions to investigate whether this dive behaviour is an adapta-
tion for successfully exploiting benthic prey or to a marginal
foraging environment.
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